Abstract 1 1. In this paper, through an extension of the N-mixture family of models, 2 we achieve a significant improvement of the statistical properties of the rare 3 species abundance estimators when sample sizes are low, yet of typical size 4 in neotropical bird studies. The proposed method harnesses information from 5 other species in the targeted ecological community to correct each species' esti-6 mator. We provide guidance to determine the sample size required to estimate 7 accurately the abundance of rare neotropical bird species. 4. We illustrate how our methodology can be used to determine the sample 25 size required to estimate the abundance of organisms. We also give practical 
distributed, the likelihood of the counts for a given species is 115 L(y ij ; n i , p) = r i=1 t j=i n i y ij p y ij (1 − p) n i −y ij .
for i = 1, 2, 3 . . . r and j = 1, 2, 3 . . . t, where r is the total number of point counts 116 sampled and t is the number of times each point count was visited (Royle, 2004) .
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The N-mixture model assumes that the number of individuals available for 118 detection is in fact unknown and random. Thus, such a number is considered to be 119 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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where y i = {y i1 , y i2 , . . . , y it }. If the objective is to estimate the abundance of S 
where y sij is a three dimensional array of dimensions r × t × S, and both λ = (1 − p s ) β−1 .
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The overall likelihood function now integrates over all the realizations of the community-
139
wide detection probabilities P s :
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The difference of the former and the latter forms of the N-mixture model is that in 141 the latter you need S +2 parameters to estimate the abundance of the full community 142 instead of 2 × S. In large communities, this might be a significant decrease of param-
143
eters. The usefulness of specifying the likelihood is that in the case in which many 144 species are rare, we can use the information on the abundant species to estimate the 145 detection probability, leaving the actual counts to estimate only the abundance of the 146 species. Note that by integrating the beta process at the outmost layer of the model,
147
we are following the sampling structure. When this approach is used and the integral 148 is tractable, the resulting distribution is a multivariate distribution with a specific 149 covariance structure (Sibuya et al., 1964) . Thus, we expect our approach to result 150 in a multivariate distribution of counts with a covariance structure arising naturally 151 from the sampling design and the assumed underlying beta process of detectabiities.
152

Maximum Likelihood Estimation
153
One drawback of the beta-N-mixture model is its computational complexity, which 154 imposes a substantial numerical challenge for Maximum Likelihood (ML) estimation.
155
To date, many numerical approximations for obtaining the Maximum Likelihood Es-156 timates (MLEs) for hierarchical models have been proposed (de Valpine, 2012 by pure happenstance, one had observed k identical copies of the data set at hand.
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Then, Lele et al. (2007 Lele et al. ( , 2010 show that as k grows large, the mean of the resulting peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/073577 doi: bioRxiv preprint first posted online Sep. 5, 2016;  Y ∼ Binomial (N, P) = f (y|N = n, P = p) (Observation model), N ∼ Pois (λ) = g(N; λ) (Process model), P ∼ Beta (α, β) = h(P; α, β) (Process model).
N and P are unobserved quantities or latent variables which are products of a stochas- 
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/073577 doi: bioRxiv preprint first posted online Sep. 5, 2016;  π(λ, α, β|Y) (k) patterns make species particularly easy or difficult to detect. Species that forage 220 using a sit and wait behavior are usually much more difficult to detect than species 221 that forage by gleaning on leaves actively searching for food, although there are some 222 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/073577 doi: bioRxiv preprint first posted online Sep. 5, 2016;  species whose high vocalization rates make them easier to detect irrespective of their 223 foraging guild. Thus, sit and wait foragers may be either easy or very difficult to 224 detect (e.g. Monasa vs. Malacoptila, puffbirds). 
Sample Size Estimation for Neotropical Birds
227
To determine the minimum sample size required for accurate estimation of the abun-228 dance of neotropical species, we used a series of simulations in which we varied the 229 number of points (r), visits to points (t), mean number of individuals in each point
230
(λ) and detection probability (p). We varied r between 5 and 50, t between 2 and 20, 2, 3, 4, 5, 7, 10, 15, 25, 40, 55, 65, 75, 85, 100 and p between 0.1 and 0.9. For each 232 combination of parameters, we simulated 170 data sets and estimated λ and p using peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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The Beta N-mixture Model
246
Because 100-ha plots have become the standard for estimating abundances of neotrop-247 ical birds (Terborgh et al., 1990) , we developed our example of the use of the beta 248 N-mixture model using a sampling scenario in 100-ha plot. Assuming that a conser-249 vative distance between point counts required for the points to be independent is 200 250 m we selected the maximum number of points that fit in a square 100 ha plot given 251 this requirement. For this example we used 36 point counts and 5 visits, which is 252 reasonable enough to still be part of a rapid inventory but also has enough informa-253 tion to estimate the abundances of rare species. We simulated 1000 data sets that 
Example Using Real Data
269
Finally, we used a data set that consisted of 94 point counts, located in three dry 270 forest patches in Colombia. Each point count was replicated three times from Jan-271 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/073577 doi: bioRxiv preprint first posted online Sep. 5, 2016;  uary 2013 to July 2014. From this data set, we selected the understory insectivore 272 species that forage over foliage (Karr et al., 1990; Parker III et al., 1996) 5, 2016; replicates that allows the estimation of abundances with less than 7 individuals/100ha 297 using N-mixture models ( Figure A1 ). In the 7 ind/100 ha threshold, the effort required 298 is very high. For example, for species with a probability of detection of 0.5 the required 299 sample size to obtain a bias lower than 0.1 is around 50 points and more than 6 300 replicates of each point count or around 40 point counts with more than 10 replicates 301 (Figure 1,A1) . As λ increases the sample size required to estimate appropriately the 302 abundance of species decreases. Even though theλ distribution has high variance, many outliers and, it tends to 316 overestimate the density of rare species (Figure 2, A3, A2) , it maintains the structure 317 of the species abundance distribution (Figure 3 ). This is especially true when the 318 mean detection probability is at least 0.5 (Figure 3 ). This is not true for the N-319 mixture model, which predicts many more mid-range species and overestimates by 320 far the abundance of abundant species (Figure 3 ).
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Example Using Real Data
328
We present the estimates ofλ for both models in Table 1 
Discussion
336
We found that N-mixture models require high sample sizes in both the number of 337 point counts and the number of replicates of each point to estimate accurately the 338 abundance of tropical birds. An interesting result is that the models are unable to 339 accurately estimate rare species with less than 7 ind/ha and a low detection probabil-340 ity (< 0.5), at least with samples of 50 points and 20 replicates. Our model, uses the 341 information collected for a set of species to estimate the abundance of rare species.
342
The beta model is particularly useful for rare species that are detected few times. In The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/073577 doi: bioRxiv preprint first posted online Sep. 5, 2016;  beta model, in which the detection probability of a rare species can be thought of as 347 coming from the same probability distribution than its ecologically similar species. In 348 this way, each species has its own detection probability but is linked through an un-349 derlying process that can vary from one set of species to another or from one habitat 350 to another.
351
N-mixture models can be used if the sampled area is increased to raise λ to 352 around 2 individuals per unit area. Because this simulation was performed for tropical 353 forests, we simulated point counts with a 50-m radius. This distance has been pro-354 posed to meet the assumption that the detection probability is homogeneous across 355 the whole sampling area and to increase the detection probability of species within it .
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455
The estimates of the abundance of the understory insectivores of the upper 456 Magdalena Valley show that the difference between the N-mixture and beta-mixture 457 models relies on the estimation of the abundance of rare species. For example, for 458 species with less than five detections, the N-mixture model estimates the abundance 459 to be extremely high (Table 1) . Instead, by assuming the detection probability is 460 correlated with the other species in the set, our approach lowers the estimation of 461 the abundance to values closer to densities reported for the same species or similar 462 in other regions (e.g., Karr et al., 1990; Parker III et al., 1996) . It is worth noting 463 that the abundance of more common species with higher numbers of detections in 464 our dataset might be a little bit higher than in other published data sets. There are Overall, our study can be used as a baseline to determine the number of point 478 counts required to estimate the density of neotropical bird species using N-mixture 479 models. We showed that for many species in neotropical communities, the sample 480 size needed to correctly estimate their density is high and thus we advocate for more 481 peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.
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